catalyzes the formation of £-(y-glutamyl)lysyl cross-links within and between protein molecules. Therefore, transglutaminase polymerizes proteins through the formation of isopeptide bonds. Wehave reported that several high-concentration protein solutions formed firm gels when they were incubated with transglutaminase. This paper presents unambiguous evidence that asl-casein solution is gelled by the formation of £-(y-glutamyl)lysyl cross-links.
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Gelation of asl-casein was effected by the amount of transglutaminase and pHvalue, and asl-casein gel was not dissolved by various denaturants. Succinylated asl-casein, in which e-amino groups of lysine residues are blocked, was not gelled by transglutaminase. Therefore, it is confirmed that <xsl-casein is formed by the action of transglutaminase.
It has been recognized that intramolecular disulfide bonds play an important role in the protein structure.1} In addition, much attention has been paid from the physiological aspect to other covalent cross-links within and between protein molecules. There are two types that comprise these cross-links. One type, which occurs in collagen2) and elastin,3)
is the Shiff bases formed by the condensation between lysine-and hydrolysine-derived aldehyde and 8-amino groups of protein- were added up to a total of 500mg, and the mixture was stirred for over 2.5hr at 0°C. During this succinylation, the pH was maintained at 8.0 with 2n NaOH.After pH stabilization, the solution was dialyzed against distilled water at 3°C for 24hr to removethe impurities and excess reagent. Succinylated asl -casein (9 10 mg) was recovered by lyophilization. It was found that the amino groups had been completely succinylated by this procedure, the degree of succinylation being determined by the method using trinitrobenzenesulfonic acid. 16) Preparation of the gel Gelation with transglutaminase. The protein solutions
were prepared with 0.1 m Tris-HCl buffer (pH 8.0) containing 5mg CaCl2 and 10mM dithiothreitol (DTT) with the concentration and pHindicated in the legends to the figures. Transglutaminasewasaddedto themat the ratio of 0.03 units/mg of asl-casein, and followed by incubation at 37°Cfor 1hr.
Gelatin gel. The concentration of gelatin in the gel sample was 10%(w/v). To the gelatin was added distilled water, the mixture being incubated at 37°C for 30 min and allowed to stand at 3°C for 1 hr. Polyacrylamide gel. 14% Polyacrylamide gel was prepared by the method described in te previous paper.10) Viscosity. Gel formation was followed by observing the changes of viscosity in a low-shear viscometer (Contraves LS-30), which allowed accurate measurements under low shear rates. The 5%asl-casein solution already described was used to fill the cuvette cylinder (800/^1). Transglutaminase was then added at the ratio of 0.03 units/ mg of asl-casein. After 10 sec, the reaction mixture was subjected to a shear rate of50 s"1 at 30°C. Changes in the shear stress were recorded with a personal computer (Hewlett Packard HP-85) and the data were used to illustrate the time course of the viscosity change.
Solubility of the gel in several denaturants. The gels were formed in test tubes of 12mmdiameter by the methodjust described. Several denaturants (10% SDS, 10%2-mercaptoethanol, 6.6m urea and 6mguanidium hydrochloride solution) were then added to them. After the mixtures had been shaken at 25°C for 10min, the appearance of the gels in each denaturant was observed. Heat denaturation was attained by heating in boiling water for 10min.
SDS-polyacrylamide gel electrophoresis. Polyacrylamide gel electrophoresis (PAGE) was performed on slab gel in the presence of sodium dodecylsulfate (SDS) as described in the previous paper.10) Scanning electron microscopic observation. Protein gels in small test tubes were frozen at -78°C and then freeze dried. The dried samples were coated with gold sputtering, and microphotographs were taken under a Hitachi electron microscope (type S-430) at a voltage of 20kV.
RESULTS

Effect of transglutaminase
The change in viscosity of a reaction mixture was measured as an indication of the asl-casein gel formation. Figure 1 shows , transglutaminase was added to the reaction mixture at the ratio of 0.03units/mg of substrate protein; , transglutaminase was not added to it. The concentration of proteins was 5%, and the pH value of the reaction mixture was 8.0. the gel formation by transglutaminase was pH dependent.
In the case of a 5% asl-casein solution, the change of viscosity at pH 9.0 was most significant, compared with the other pH values.
Solubility of gel in several denaturants
The solubilities of gels in several denaturants are summarized in Table I . Gelatin gel, which was formed by hydrogen bonding, was easily dissolved by a 6.6m urea solution and 6m guanidium hydrochloride, or by heating. However, the asl-casein gel formed with transglutaminase was not dissolved by treating with all denaturants tested as well as with polyacrylamide gel, which was formed by covalent bonding. Reaction with succinylated asl -casein When asl-casein was incubated with transglutaminase, the viscosity of the reaction mixture increased rapidly, the polymer formation being detected by . However, in the absence of transglutaminase, the viscosity did not change and a polymer was not observed. Onthe other hand, the succinylated asl-casein solution did not show any remarkable change in viscosity regardless of the transglutaminase treatment (Fig. 3) . Further, the monomer fraction did not decrease and no polymer formation was found as shown by SDS-PAGE (Fig. 4) . 5%
Succinylated asl-casein was not gelled in spite of 5 hours' incubation.
Structure
The microstructures of protein gels made by transglutaminase were visualized by scanning electron microscopy. As shown in Fig. 5 , the gel had a three-dimensional network structure.
DISCUSSION
In the previous paper,12) we reported that several protein solutions of high concentration formed a firm gel with transglutaminase, it being supposed that the gel formation was caused by a transglutaminase reaction. This postulation is supported by the findings that gelation of native asl-casein was dependent on the amount of transglutaminase and pH value (Figs. 1 and 2 ). When succinylated asl-casein, whose £-amino groups of lysine residues were blocked, was incubated with transglutaminase, it did not form a gel. The molecular weight by SDS-PAGEand viscosity of succinylated aslcasein also did not change (Figs. 3 and 4) .
These facts indicate that the gelation of native asl-casein was due to the formation of e-(yglutamyl)lysyl cross-links. Since the gelation of native asl -casein was performed in the presence of a reducing reagent (10mM DTT) and the electrophoresis procedure included 2-mercaptethanol, the polymers detected in the gel could not have been formed by disulfide bonds. These protein gels were not dissolved by a 6.6m urea solution, 10% SDS solution, 6m guanidium hydrochloride, or by heating (Table I) . Therefore, it is concluded that these gels were formed not by the hydrogen bond and hydrophobic interaction, but by covalent bonds with 8-(y-glutamyl)lysyl crosslinking. The gels formed with transglutaminase had the three-dimensional network structure shown in Fig. 5 . Consequently, it is suggested that this network structure was formed through the formation of intermolecular e-(y-glutamyl)lysyl cross-links with transglutaminase. £-(y-Glutamyl)lysine cross-links would contribute to maintaining a gel network structure as well as disulfide and hydrogen bonds.
